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Abstract
Natural organic matter (NOM) is the main source of organic precursors for organic disinfection
byproducts (DBPs) in treated drinking water. Aquatic NOM is a heterogeneous mixture consisting
of both hydrophobic and hydrophilic compounds. The hydrophobic fraction includes humic
substances, primarily humic acids and fulvic acids. In most waters, fulvic acid is considered to be
the major portion of the hydrophobic fraction. Humic substances are formed by decaying
vegetative matter, such as lignin. Lignin is found in plants and is quite resistant to biodegradation,
yet it is reactive with oxidants, such as chlorine. Thus, water continuing higher amounts of
aromatic hydrophobic humic material tend to form higher DBP levels. The hydrophilic fraction of
NOM primarily consists of aliphatic carbon and nitrogen bearing compounds such as
carbohydrates, proteins and amino-acids.

In this study, the main goals were to monitor aquatic NOM by measuring surrogate indicators
and to investigate the correlation between those water quality parameters with NOM, and to
characterize the NOM by analyzing the disinfection by-product formation potential (DBPFP)
measurements. To investigate the nature of NOM precursors, ultraviolet absorbance at 254nm
(UV254), dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and fluorescence
excitation emission matrix (EEM) were measured for storm event samples of the source water.
These water quality parameters demonstrated the presence of high aromatic content in the
source water. A chlorination demand model was also developed based on the UV254 of the source
water to investigate the impact of disinfectant dosing practices in source water for drinking water
distribution systems (DWDS). The analysis of trihalomethanes (THM), haloacetic acids (HAA), and
nitrogenous DBPs (N-DBPs) with undiluted and diluted assay and specific DBP (sp-DBP) formation
measurements characterized the NOM precursors as having the allochthonous origins attributed
to mostly lignin derived from hydrophobic humic substances. By combining the findings for NOM
surrogate indicator measurements and DBP analysis, this study established a viable scenario of
the outcomes which would help DWDS to identify the precursor sources more precisely.
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1. Introduction
1.1 Background
To ensure safe and clean water, drinking water treatment plants are facing challenges not only
in controlling disinfectant byproducts (DBPs), but also to manage emerging contaminants.
Moreover, the treatment processes have to be commercially viable. Conventional processes with
chemical dosing of disinfectants are still the most effective treatment method (Hua and Reckhow,
2007; Richardson et al., 2008). The main reason for water disinfection is to prevent the spread of
waterborne disease, through inactivation or destruction of microbial pathogens. Disinfectants
also react with organic and inorganic molecules present in water. Reactions with organic
molecules can give rise to organic DBPs, many of which are harmful or potentially harmful to
human health (Muellner et al., 2007; White GC, 2010). Controlling pollution at the source water
quality or instituting effective methodologies for water treatment are the key steps to improving
the quality of drinking water (Andreozzi et al., 1999; Jyoti et al., 2001; Comninellis et al., 2008;
Yang et al., 2014). Source water quality characteristics and the location in the treatment process
where disinfectants are added affect DBP formation in drinking water. Since conventional
treatment is able to partially remove organic DBP precursors, lower concentrations of DBPs are
formed when disinfectants are added later in the treatment process, all other factors being equal
(Cowman and Singer, 1996; Roberts et al., 2002). Due to the mass concentration basis used in
drinking water regulation, the trihalomethanes (THM) and haloacetic acid (HAA) groups are
considered the dominant DBPs (Krasner et al., 2006). Both are regulated in the U.S.A., with limits
of 80 μg/L and 60 μg/L for THMs and HAAs, respectively (National Primary Drinking Water
Regulations: Stage 2, 2006). The research community is also very concerned about the
nonregulated DBPs, including nitrogen containing DBPs (N-DBPs), as those DBPs may be more
toxic than the regulated species (Muellner et al., 2007). So far, 600−700 DBPs have been
identified in drinking water from various disinfectants practices (Richardson, S. D., 1998).
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1.2 Natural Organic Matter (NOM)
Natural organic matter (NOM) is a complex mixture of many chemical groups which can vary both
temporally and spatially (Bond et al., 2012). NOM is the main source of the organic DBP
precursors. The five categories of NOM that are dominant as DBP precursors are humic
substances, carboxylic acids, carbohydrates, amino acids, and proteins (Croué et al., 2000; Sharp
et al., 2006). The bulk of DBP precursors are humic substances, which tend to be aromatic and
hydrophobic. The high specific HAA and THM formation potential of several aliphatic β-diketones
and β-diketoacids indicate that certain hydrophilic structures are also significant DBP precursors
(Dickenson et al., 2008; Bond et al., 2009; Thurman, E. M.,2012).

Classification of NOM may be presented as below (Figure 1.1) (Leenheer et al., 2003):

Figure 1. 1 Classification of NOM as per Leenheer et al., 2003
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1.3 Characterization of natural organic matter (NOM)
Characterization of NOM is often investigated by fractionation into categories grouped by
hydrophobicity. Though NOM characterization rarely extends to specific chemical identity, both
hydrophobic and hydrophilic fractions can have significant disinfection byproduct formation
potential (DBPFP). Hydrophobic acids (HPOA) which can further be segregated into humic and
fulvic acids are the main group of hydrophobic NOM which also includes hydrophobic neutrals
(HPON). The hydrophilic (HPI) fraction contains carbohydrates, amino acids and carboxylic acids,
and is sometimes further split into hydrophilic acids (HPIA) and hydrophilic bases (HPIB) (Croué
et al., 2000; Bond et al., 2009). Allochthonous (from the terrestrial watershed) or autochthonous
(derived from biota in water) sources are the origin of most NOM. Terrestrial NOM is commonly
lignin-derived and high aromatic content, whereas microbially-derived substances (for example,
from algae, sewage and bacteria) tend to have low aromatic and high nitrogen contents. Hence
terrestrial NOM is often described as humic or non-polar and tends to be hydrophobic in
character, whereas microbial NOM is often termed non-humic or polar and tends to be more
hydrophilic. Thus, catchment characteristics affect both the fractional and chemical composition
of NOM. Since NOM classification rarely extends to resolving specific chemical identity, there is
uncertainty about the identity of reactive DBP precursors in drinking water (Aiken et al., 1996;
Hwang et al., 2001; Bond et al., 2009). Moreover, since hydrophobic fractions are more amenable
to removal due to coagulation, this suggests hydrophilic moieties can determine final DBP
formation (Liang and Singer, 2003).

1.4 Natural organic matter (NOM) surrogate indicators
The diversity of molecules that constitute NOM and the relatively low concentrations of NOM in
water often makes characterization difficult (Liang and Singer, 2003). Despite the thousands of
compounds that make up NOM, it is important to provide information about the quantity of NOM
that are dominant precursor for DBPs. The bulk NOM surrogate indicators, ultraviolet (UV) light
absorbance at 254 nm (UV254), dissolved organic carbon (DOC) and Specific ultraviolet
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absorbance (SUVA) value, have been frequently correlated with DBPFP (Bieroza et al., 2010; Hua
el al., 2015). Chlorine demand and residuals have also been used to validate NOM surrogate
indicators which are widely used in drinking water distribution systems (DWDS) (Hua and
Reckhow, 2006).

1.4.1. Ultraviolet light at 254 nm (UV254)
Ultraviolet light at the 254 nm wavelength is passed through a quartz cell containing
the sample water. The intensity of the attenuated light is measured with a sensor and divided by
a pure water measurement before a logarithmic transform to absorbance is calculated. The
measurement is reported as absorbance units per path length (abs/cm). UV254 is a measurement
of the amount of light absorbed by compounds, mostly aromatic structures, in a water sample is
an important parameter for measurement throughout the drinking water treatment process.
UV254 provides an indication of the concentration of dissolved organic matter, specifically those
that contain aromatic rings or unsaturated bonds (double and triple) in their molecular
structures. Many organic compounds occurring naturally in the environment, such as humic
substances, are aromatic and exist in high concentrations in surface water. These compounds are
known to be a major precursor of DBP formation. Therefore, UV 254 provides one of the most
powerful indications of a water’s potential to form DBPs upon chlorine addition and this is
monitored throughout the treatment process to monitor organics matter removal (Kulovaara et
al., 1996; Hua el al., 2015; Sousa et al., 2017).

1.4.2. Dissolved Organic Carbon (DOC)
Total organic carbon (TOC) is the sum of particulate and dissolved organic carbon
(DOC). Inorganic carbon (CO32-, HCO3-, H2CO3) can be removed by acidification. A widely accepted
operational definition of DOC is the organic carbon in a water sample filtered through a 0.45 µm
filter. It is the most commonly used approach to quantify NOM for measuring the organic carbon
mass concentration in a sample. Ultraviolet (UV) light at 254 nm is absorbed by a variety of
organic compounds with an aromatic structure or compounds that have conjugated C=C double
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bonds. According to organic matter surrogates, TOC value is proportionate to the source water’s
dissolved organic content. (Matilainen et al., 2002; Mishra el al., 2016).

1.4.3. Fluorescence absorbance
The excitation emission matrix (EEM) is a specific measurement that is becoming more
and more respected and widely used within the field of fluorescence spectroscopy. An EEM is
essentially a three-dimensional graphic representation of a fluorescence scan taking the form of
a contour plot of fluorescence intensity vs excitation wavelength vs. emission wavelength.
Fluorescence excitation-emission matrices (EEMs) have been used to characterize NOM in
natural waters and shed light on DBP precursors (Hua et al., 2010)

1.5 DBP analysis for NOM characterization
NOM constitutes the major component of the total organic carbon (TOC) and has been identified
as the principal precursors in the formation THMs and HAAs. Aquatic NOM consists of both
hydrophobic and hydrophilic organic material originating from the degradation and leaching of
organic detritus within the watershed. The nature and distribution of these hydrophobic and
hydrophilic materials differ, depending on the source materials and the biogeochemical
processes involved in carbon cycling within the terrestrial and aquatic systems (Stevens et al.,
1976; Liang & Singer, 2003). Aquatic humic substances or hydrophobic NOM is operationally
defined as colored, polyelectrolytic acids isolated by sorption on to XAD resins or isolated using
equivalent procedures. Major functional groups include carboxylic acids, phenolic and alcoholic
hydroxyls, and keto groups. They include both humic and fulvic acids, are generally derived from
terrestrial vegetation and have high lignin, and consequently aromatic, content (Thurman, 2012).
The formation of DBPs depends primarily on source water quality characteristics and on the
location in the treatment process where disinfectants are added. Halogenated DBP formation
increases with the “activated aromatic” content of NOM (Reckhow et al., 1990). Nitrogenenriched NOM, more prevalent in waters affected by algae and wastewater, has been associated
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with the formation of nitrogenous DBPs, including NDMA and DCAN (Dotson et al., 2009; Bond
er at., 2011).

1.6 Research Objective
In this study, the objectives were to monitor and characterize natural organic matter (NOM) in
source water:

i) by measuring the dissolved organic carbon (DOC) and nitrogen (DON), absorption
of UV-light (UV254) and fluorescence excitation emission matrix in source water and investigating
the co-relationship between these water quality parameters,

ii) by analyzing the disinfection byproduct formation potential (DBFP) with diluted and
undiluted assays directed at precursors to specific DBPs in the source water to identify the
prevalence of different NOM classes as DBP precursors with NOM surrogate indicators.
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2. Experimental methods
2.1 Chemicals
For measuring dissolved organic carbon and total nitrogen, potassium hydrogen phthalate from
Sigma-Aldrich (St. Louis, MO) was purchased as TOC standards. For chlorination experiments,
sodium hypochlorite solution (laboratory grade, 5.65-6%) from Fisher Scientific, Pittsburg, PA and
DPD Free Chlorine Reagent Powder Pillows from Hach (Loveland, CO) were used. Sodium
phosphate monobasic monohydrate and sodium hydroxide (Fisher Scientific, Pittsburg, PA) were
used to prepare 1 M phosphate buffer and sodium arsenite as quenching agent. For DBP analysis,
EPA 551A and EPA 551B halogenated volatiles mix (2000 μg/mL) for THM extraction, and EPA
552.2 haloacetic acids mix (2000 μg/mL) for HAA extraction were purchased from Supelco®.
Pentane for THM extraction, Methyl-t-Butyl Ether (MtBE) for HAA extraction were acquired from
Fisher Scientific, Pittsburg, PA. Sulphuric Acid and Sodium sulfate salt (both were ACS grade) were
purchased from Fisher Scientific, Pittsburg, PA. 1,2-dibromopropane for internal standards and
2,3-dibromopropionic acid as surrogate stock of DBP extraction were acquired from SigmaAldrich (St. Louis, MO).

2.2 Sampling Site
Experimental source water samples were collected from Neversink River near Claryville, NY(Lat
N 41°53'24", Lon W 74°35'24"). The Neversink River drains seventy-one square miles including
east and west branches. It discharges twenty-two square miles draining directly into the
Neversink Reservoir through two dozen small tributaries. The drainage pattern formed by the
last period of glacier activity is controlled by steep topography. Atmospheric deposition and
management of road embankments and crossings are the primary contributors for the water
quality (catskillstreams.org/). Neversink reservoir is one of the nineteen reservoirs of New York
drinking water system. NYC system is the largest unfiltered system in the USA. There is no DBP
precursors removal action for these reservoirs. So NOM study in the source water is important
for the understanding of DBP formation and occurrence in treated water.
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Figure 2.1 Neversink Watershed (catskillstreams.org/)

Figure 2.2 Neversink Sample collection site Lat N 41°53'24", Lon W 74°35'24" (google map)
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Figure 2.3 Neversink Sample collection site (USGS gage hut)

2.3 Sampling event
The sample water was captured from two different storm events. The first sampling period was
October 16, 2019 to October 17, 2019. The second sampling period was October 31, 2019 to
November 01, 2019. The USGS gage has a ISCO Sampling unit model number 6712 full-size
portable sampler installed in the hut. It was programmed in time spaced mode to collect twentyfour samples at one hour intervals. Each sample volume was 1 L in the ISCO sampling bottle.
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Figure 2.4 ISCO 6712 full-size Portable units

Figure 2.5 ISCO 6712 1L bottle
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Figure 2.6 USGS Gage Station ISCO Sampler

2.4 Sample collection and processing
The sample waters were collected promptly from USGS hut after the sampling events and
driven back to the UMass campus. Upon arrival, samples were filtered with glass fiber filters
(GF/F, 0.7 μm) (Whatman, Clifton, NJ) and preserved in one-liter glass media bottles in the
temperature-controlled room at 4°C for further experiments.
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Figure 2.7 Bottles of filtered Sample

Figure 2.8 GF/F 0.7 um Filter papers after sample filtrations
12

2.5 Sample analysis:
Filtered sample water was analyzed for NOM and precursors using various analytical
methods described below:
2.5.1 Absorbance scans:
Ultraviolet-visible absorbance scans were recorded across wavelengths from 200
nm to 800nm (including 254 nm; UV254) in accordance with UMass protocol
(http://cee.umass.edu/sops-and-methods) closely aligned with Standard Method 5910B with an
Agilent Cary 60 UV-Vis Spectrophotometer (Agilent, Santa Clara, CA).

Specific ultraviolet absorbance (SUVA) was calculated from UV absorbance at 254 nm (UV254, m−1)
divided by the dissolved organic carbon (DOC, mg/L) (Eq. 2.1) as:

………………………………………………………(Eq. 2.1)
2.5.2 Dissolved Organic Carbon and Nitrogen
Dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) concentrations
were determined by the UMass protocol (http://cee.umass.edu/sops-and-methods) closely
aligned with Standard Method 5310B, “Total Organic Carbon: High Temperature Combustion
Method”. with a TOC-VCPH total organic carbon analyzer (Shimadzu Corp., Kyoto, Japan).
2.5.3 Fluorescence scans:
Samples were tested for their fluorescence excitation emission matrix (EEM) using
a Horiba Aqualog absorbance-fluorescence system. This analytical tool is used for the study of
chromophoric dissolved organic matter (CDOM). Dissolved organic matter includes amino acids,
humic acids, fulvic acids including decayed matter in natural water sources, or disinfection
byproducts of water treatment processes.
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To properly calibrate and test measurement of fluorescence excitation emission
matrixes (EEM), a tea standard was adopted as recommended by the USGS. Consumer-grade
bottled tea (Pure Leaf®, unsweetened black tea, New York) was purchased to perform this test.
The dilution was 1:100 of SRMTea: MilliQ water. To the left of Figure 2.9 (a), EEM spectra of SRMTea
as reported on Hansen et al. (2018); to the right, Figure 2.9 (b): EEM spectra from this study. The
spectra have been corrected for IFE, dilution, masked against Rayleigh scattering and normalized
to water Raman peak area.
Acquisition conditions:
integration time=1s, λex=600-240, λex increment=3nm, λem =1.16 nm (2 pix), CCD gain=medium

Figure 2.9 EEM spectra comparison of SRMTea, a) USGS tea standard, b) EEM spectra from this study

2.5.4 Chlorination and Chlorine Residual Measurement:
To conduct the disinfection by-product (DBP) precursor analysis, samples were
chlorinated for seven (07) days at prescribed chlorine doses, quenched and then analyzed for
DBPs.

Before chlorination, a detailed pre-chlorination study was performed to develop
chlorine demand models for the sample waters. First a composite sample was created from four
of the high DOC samples of the 1st storm event, 15 mL of each from 10, 11, 12 and 13 hours were
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collected and combined to result 60 mL total. This was then split up into 6 aliquots of 10 mL each.
Different amounts of sodium hypochlorite were added to each resulting in six different doses: 10
mg/L, 15 mg/L, 20 mg/L, 25 mg/L, 30 mg/L and 40 mg/L. Then after 24 hours, each one was
diluted with 10 mL of milli-Q water; half of the volume was used to measure free chlorine
residuals. If any of the measured values were above 2 mg/L chlorine residual, the remaining 10
mL diluted sample was further diluted with another 10 mL of milli-Q water and the process
repeated. However, if the doubly diluted volume was above 2 mg/L, it was diluted a third time in
order for the residual measurement to be on-scale. From these pre-chlorination studies, the 7
days chlorine demands could be estimated for all 24 timed samples using a linear relationship
between demand and UV absorbance.

The chlorine doses were determined based on a target chlorine residual of 4±1
mg/L after 7 days incubation at the temperature of 20°C. Sample waters were chlorinated as
undiluted and diluted by a factor of 4 to fully examine the impacts of NOM concentration (i.e.,
dilution) on DBP precursor testing. Before chlorine dosing, the pH of each sample was controlled
at 7 using a 10 mM phosphate buffer and as a result the pH varied less than 0.4 units over the
reaction period. The sample waters were fully mixed in the biological oxygen demand (BOD)
bottles under head space free conditions and covered with parafilm with extra sample water in
the V-neck of the bottles to further prevent air exchange. After the incubation period, the
chlorine residual was measured using a HACH DR300 Pocket Colorimeter using DPD Free chlorine
reagent powder pillows. This procedure follows USEPA DPD method 8021 for free chlorine
measurement. The quenching agent (0.1 N sodium arsenite solution) was added to prevent
further formation of DBPs during the holding time between sample collection and analysis.
2.5.5 Disinfection By-Products Precursor Measurement:
Trihalomethanes (THM) and haloacetic acids (HAA) were measured for all samples
following addition of the chlorine quench. Figure 2.10 shows the general approached used in this
research.
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2.5.5.A Trihalomethanes (THM) analysis:
THM measurement was conducted in accordance with the UMass Amherst
protocol (http://cee.umass.edu/sops-and-methods) which is based on the USEPA Standard
Method 551.1 “Determination of Chlorination Disinfection Byproducts, Chlorinated Solvents and
Halogenated Pesticides/Herbicides in Drinking Water by Liquid-Liquid Extraction and Gas
Chromatography with Electron Capture Detection.”. The standard Stock II was prepared by
adding 100 μL of 551A commercial mix and 20μL of the 551B commercial mix to a 10mL
volumetric flask containing acetone. Calibration standards were prepared in 20 ml MilliQ water
with the range of 0-120 μl/L. An amount of 20 mL of each sample was placed into 40 ml amber
vials with duplicates. Approximately 15 g of sodium sulphate (Na2SO4) was added after adding 4
mL of the pre-mixed pentane (C5H12) and internal standard (1,2-dibromopropane). The organic
layer was transferred into autosampler vials after shaking 15 minutes in the auto-shaker. Then
those vials were put into the freezer to remove water (if any) from the samples. Afterwards, the
samples were analyzed by an Agilent 6800 GC-ECD.

Specific THM formation potential (Sp-THMFP) values were calculated by dividing the measured
THM concentration by the DOC as follows (Eq. 2.2):

………………………………………………………………(Eq. 2.2)
2.5.5.B Haloacetic acids (HAA) analysis:
HAA measurement was conducted in accordance with the UMass Amherst
protocol (http://cee.umass.edu/sops-and-methods) which is based on the USEPA Standard
Method 552.2 “Determination of Haloacetic Acids and Dalapon in Drinking Water by Liquid-Liquid
Extraction, Derivatization and Gas Chromatography with Electron Capture Detection.”. The
standard Stock II was prepared by adding 150 μL of 552.2 HAA commercial mix to a 10mL
volumetric flask containing MtBE. Calibration standards were prepared in 30 ml MilliQ water with
the range of 0-120 μl/L. An amount of 30 mL of each sample was placed into 40 ml clear vials
with duplicates. Concentrated sulfuric acid (H2SO4; 1.5 mL) was added to each vial after adding
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20 μL of surrogate stock. Approximately 15 g of sodium sulphate (Na2SO4) was added after adding
3 mL of the pre-mixed MtBE (C5H12O) and internal standard (1,2-dibromopropane) and samples
were shaken for 15 minutes in the auto-shaker. Two mL of a solution of acidic methanol (CH3OH)+
5% sulfuric acid (H2SO4) were placed into 20 mL vials and 1 mL aliquot was removed from the first
extract and added to the prepared vials. Those 20 mL sample vials were placed in a 50°C water
bath for 2 hours. 5 mL of a saturated solution of sodium bicarbonate (NaHCO3) and 1 mL pure
MtBE were added to those 20 mL vails and they were shaken for 2 minutes. The extract was
placed into the vails afterwards. Then those vials were placed into a freezer to remove water (if
any) by freezing from the samples. Afterwards, the samples were analyzed using an Agilent 6800
GC-ECD.
Specific HAA formation potentials (Sp-HAAFP) were calculated by dividing the HAA concentration
by the sample DOC concentration as (Eq. 2.3):

………………………………………………………(Eq. 2.3)
An experimental design was presented as below:

Full UV
Scan

DOC &
DON
Fluorescen
ce scans

Figure 2.10 Experimental design for NOM precursors analysis
17

2.6 Quality assurance and control
A travel blank was included in all sampling events and shipments. Blanks were included in
formation potential experiments to ensure clean (i.e., chlorine demand-free, precursor-free and
DBP-free) glassware and buffer solutions. Duplicate extractions or duplicate runs were
performed on the samples for DBP analysis. DBPs were not detected in any of the blank samples
ensuring no contamination occurred during the experiments. To ensure consistent calibration,
DBP standards in solvents were investigated (Figure S1-S3) after formation and extraction
experiments.
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3 Results and discussion
3.1 Sampling event quality:
Terrestrial run off contributes substantially to the loading of NOM and DBP precursors in
protected watersheds. The hydrographs for the first and second sampling events at the
Neversink River near Claryville are presented in Figure 3.1 and Figure 3.2. During the first event
(October 16th-20th, 2019) peak streamflow was about 1800 cfs while the second event (October
30th – November 3rd, 2019) had a peak flow of about 5,500 cfs.

Figure 3.1 First run-off event hydrograph from USGS
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Figure 3.2 Second run-off event hydrograph from USGS

The 2019 flow record (Figure 3.3) shows that the first and second events were the two of the
major two rainfall events in the Neversink River. These events were investigated for NOM
characteristic analysis for DBP formation. A log scale (Figures 3.4 and 3.5) helps to visualize both
the peaks and the antecedent flow conditions.
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Figure 3.3 2019 rainfall flow record, USGS gage

Figure 3.4 2019 Rainfall flow record at log scale
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Figure 3.5 Expanded time scale of log flow record

3.2 UV absorbance:
UV absorbance is a powerful tool for monitoring NOM loading to source waters. The UV
absorbance (Figure 3.6 and Figure 3.7) of water from these two events followed the sampling
events’ flow patterns. Various selected wavelengths (254 nm, 230 nm and 350 nm) also tracked
each other well. The UV absorbance values increased with flow. However, the increasing pattern
was observed to be much stronger at the beginning of these events.

22

Figure 3.6 UV absorbance (cm-1) of the first event

Figure 3.7 UV absorbance (cm-1) of the second event
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All of the spectra reached their maximum near the maximum flow for both events. The relative
spectra, including rising, falling, and combined limbs of the first event (Figure 3.8, 3.9 and 3.10)
showed a qualitative change, which indicated that the NOM loading were having more aromatic
materials as the storms progressed. All spectra were compared to hour 15 spectra for the first
event. The hour 15 spectra of the first event was the point of maximum absorbance. These
observations shows that while UV absorbance at all wavelengths follow the same general trend,
there are some differences over time (i.e., the lines are not perfectly parallel with the 15-hour
line); this suggests that the character of NOM changes over the course of the hydrograph. The
biggest changes appear to be in the range of 350 nm, which may reflect conjugated organic
molecules such as tannins and plant pigments.
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Figure 3.8 The rising limb of first event’s relative spectra (absorbance at each wavelength at
different sample times divided by the 15 hour absorbance at that same wavelength)
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Figure 3.9 The falling limb of first event’s relative spectra

Figure 3.10 The combined limb of first event’s relative spectra
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3.3 Organic Carbon:
The DOC (Figures 3.11 and 3.12) of the first and second events behaved similarly to
the UV absorbance. However, DOC exhibited less hysteresis compared to the UV absorbance. It
suggests that DOC may not add much additional information as a surrogate monitoring tool for
the source water. The specific UV absorbance (SUVA) of the first event (Figure 3.13) and second
event (Figure 3.14) also followed same patterns of DOC, but less hysteresis compared to the UV
absorbance.

Figure 3.11 DOC of the first event

Figure 3.12 DOC of the second event
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Figure 3. 13 Specific UV absorbance, SUVA (cm-1/mg-C) of the first event

Figure 3. 14 Specific UV absorbance, SUVA (cm-1/mg-C) of the second event

3.4 Fluorescence scans
The fluorescence excitation emission matrix (EEM) of samples from the first and second events
are presented to help characterize changes in the NOM in these samples. Figures showed he
lowest UV absorbing samples of the first and second events (Figures 3.15.1 and 3.16.1) and the
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highest UV absorbing samples of the first and second events (Figures 3.15.2 and 3.16.2)
respectively.

The spectra of EEM demonstrated that the lowest UV absorbing samples barely have any
aromatic NOM such as humic and fulvic acids which are the principal precursors for regulated
DBPs. On the other hand, the highest UV absorbing samples have fluorescence peaks (~250 nm
excitation, ~425 nm emission) that suggest higher levels of those precursors. These EEM analysis
also established that aromatic components of NOM are the dominated components that can be
observed by EEMs.

Figure 3.15. 1&2 EEM spectra of lowest & highest UV absorbed sample of 1st event

3.14.1 EEM spectra of lowest UV absorbed sample of

Figure 3.16 . 1&2 EEM spectra of lowest & highest UV absorbed sample of 2nd event
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3.5 Chlorine demand testing and modeling:
Due to the uniqueness of each timed sample based on UV absorbance, DOC, and other physiochemical properties, it was challenging to estimate the chlorine demand of any individual sample
without directly testing it. Instead the protocol (2.5.4) described in the method section, UV254
was used as a guide to adjust results from testing of selected samples for chlorine demand. The
objective was to dose each sample so that it had a chlorine residual of 4±1 mg/L after seven days
incubation at 20°C. After determining the 1-day chlorine demand (Eq. 3.2), a 7-days chlorine
demand model (Eq 3.1) was applied based on previous data (i.e., applying a factor of 1.6 to
account for the difference between 1-day and 7-day chlorine demand (Figure 3.18)). Eventually,
the full 7-day chlorine demand was measured and it compared well with the predicted values
(Figure 3.17). Thus the 7-day chlorine demand model (Figure 3.17) was also applied to the second
set of samples.
Chlorine demand model for 7 days chlorination:

……………………………………(Eq. 3.1)

7-day Chlorine demand model

Figure 3.17 7-day Cl2 demand model
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Cross validation of Chlorine demand model for 7 days chlorination:

……….………………….(Eq. 3.2)

Cross validation 7-day Chlorine demand
model

Figure 3.18 Cross validation of 7-day Cl2 demand model

3.6 Chlorine demand
There was concern that differences in chlorine demand might result in greater percent
conversion of DBP precursors to DBPs in waters with high chlorine demand. The chlorine
exposure or “CT” illustration (Figure 3.19) was developed to describ how this might happen.
While both high and low DOC samples could result in the same final chlorine residual after 168
hours, the “CT value” or area under the curve woud be higher in the high DOC sample due to its
greater chlorine demand. Based on classical 2nd order kinetic theory, this should lead to greater
conversion of some precursors to final products (e.g., DBPs) during the 168 hour reaction period.
To test this idea each sample was split so that a companion 25% diluted sample could be anlyzed
in order to investigate the impact of DOC on the precursor assay. Chlorine demand after 7 days
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chlorination (Figure 3.20) showed both diluted and undiluted chlorine demand followed the
pattern, reflecting flow and UV254 patterns of the first and second events. In fact, the two
measurements of demand fell almost on top of each other when the scale for the diluted sample
was adjusted to 25% of the undiluted one.

Figure 3.19 Chlorine exposure “CT” during 7-days chlorination
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2nd event

1st event

Figure 3.20 Chlorine demand after 7-d chlorination of 1st and 2nd events

3.7 Trihalomethanes (THM) analysis with diluted and undiluted assay:
THM formation potential tests were conducted on diluted (Figure 3.22) and undiluted samples
(Figure 3.21) samples to investigate the impact of storm-induced changes in NOM concentration
on the precursor analysis as well as on overall reservoir loading. The undiluted sample resulted
in THM precursor values that matched the UV absorbance patterns across the hydrograph of the
first and second storms. However, the diluted THM showed a little reverse bias as compared to
the undiluted set. The expectation is that higher NOM levels would result in higher THM levels in
a precursor test when normalized to the same DOC level. In fact, the reverse was noted in Figure
3.22. it’s not clear what that was the case, however, it seems to diminish the concern that high
NOM concentrations result in positive bias.
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1st event

Figure 3.21 Trihalomethanes (THM) analysis with undiluted assay

1st event

Figure 3.22 Trihalomethanes (THM) analysis with diluted assay
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3.8 Haloacetic acids (HAA) analysis with diluted and undiluted assay:
HAA formation potential tests were also conducted on diluted and undiluted samples to
investigate possible bias as with the THM analysis (Figure 3.23). Since Dichloroacetic acid (DCAA)
and Trichloroacetic acid (TCAA), the two major components of the HAA9, are thought to originate
from different precursors; the results for DCAA (3.24) and TCAA (3.25) are shown separately.
Both DCAA and TCAA precursor concentrations matched the UV absorbance patterns for the first
and second events.

1st event

Figure 3.23 Haloacetic acids (HAA) analysis with undiluted and diluted assay
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1st event

Figure 3.24 DCAA with undiluted and diluted assay

1st event

Figure 3.25 TCAA with undiluted and diluted assay
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3.9 Nitrogenous DBPs analysis with diluted and undiluted assay:
The nitrogenous DBPs (N-DBPs) of the first (Figure 3.26) and second events (Figure 3.27) were
also analyzed via undiluted and diluted assays. In this case of Dichloroacetonitrile (DCAN) there
is a clear negative bias (i.e., greater DCAN yield for diluted samples). Unlike the THMs and HAAs,
this is expected. DCAN is known to degrade in the presence of high chlorine residuals (e.g., Yu &
Reckhow, 2015), which would have happened to a much greater extent in the undiluted sample.
Thus, the undiluted sample would have appeared to form less DCAN on a DOC specific basis. The
same was not evident for chloropicrin (CP) as its degradation is not accelerated in the presence
of a chlorine residual (e.g., Croue & Reckhow, 1989).

Figure 3. 26 Nitrogenous DBPs analysis with diluted and undiluted assay of first event
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Figure 3. 27 Nitrogenous DBPs analysis with diluted and undiluted assay of second event

3.10 Hysteresis of DBPs analysis:
Hysteresis of DBPs precursors (THM and HAA) was also investigated in the two datasets.
Hysteresis occurs when the concentration-discharge relationship differs on the rising limb of a
storm versus the falling limb. When these investigated observations have higher concentrations
on the rising limb versus the falling limb, reverse hysteresis of these parameters emerged. The
THM hysteresis (Figure 3.28) showed that the rising limb was well below falling limb of the first
event as an indication of baseflow at start of event. The second event demonstrated a reverse
hysteresis. Hysteresis of the first and second events’ HAA (Figure 3.29) showed similar behavior
for both major HAAs (DCAA and TCAA).
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1st event

2nd event

Figure 3.28 THM Hysteresis of the first and second events

1st event

2nd event

Figure 3.29 HAA Hysteresis of the first and second events

3.11 Specific UV absorbance, TTHM, HAA and N-DBP:
Specific total trihalomethanes (Sp-TTHM), specific HAA for DCAA (Sp-DCAA) and TCAA (Sp-TCAA),
specific N-DBP for Dichloroacetonitrile (Sp-DCAN) and Chloropicrin (Sp-CP) formation was
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investigated for the first and second events. The rising of SUVA and specific-TTHM (Figure 3.30)
with the increasing of flow followed by a drop back down suggested different NOM character
during storm events. The specific TCAA increased with the increase in flow and then drops back
down compared to specific DCAA also suggested that the characterizations different NOM
character during storm events (Figure 3.31). The DBP ratio of TCAA and DCAA of the first and
second events (Figure 3.32) increased substantially; this suggests the importance of lignin-based
compounds in the NOM during the events. Lignin is known to preferentially form TCAA over DCAA
as compared to other types of NOM. The specific dichloroacetonitrile and chloropicrin (Figure
3.33) did not show any sign of enhancement with respect to DOC.

Figure 3.30 Sp-TTHM of the first and second events
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Figure 3.31 Sp-HAA of the first and second events

Figure 3.32 DBP (TCAA/DCAA) ratio of the first and second events
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Figure 3.33 Sp-NBPs of the first and second events
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4 Conclusion
This research was conducted to better understand export of NOM and DBP precursors during
storm events. By measuring some of the common surrogate indicators (UV254, DOC, DON, EEM),
this research also investigated the correlation of these rapidly measured water quality
parameters with NOM and DBP precursors. The study also developed a chlorine demand model
and analyzed the DBPs formation potentials findings to characterize the NOM precursors in the
source water.

The findings of this research were:
✓ Ultraviolet light at the 254 nm (UV254) would be the most useful tool to monitor and
characterize NOM compared to DOC and other surrogate measurements
✓ Fluorescence excitation emission matrix (EEM) demonstrated high NOM loading
✓ Chlorine demand model satisfies UV based modeling
✓ DBPs formation potential measurements characterized the NOM loading in the source
water as allochthonous humic substances mostly lignin derived with high aromatic
content.
✓ The concentration of DBP precursors in the Neversink River increased substantially over
the course of the two storm events. Coupling this with the higher flow, leads to the
conclusion that storms result is substantial increases in precursor export, even though
their duration may be short
✓ DBP precursor concentrations during storm events correlate well with most of the
surrogate measurement
✓ There are indications that NOM character changes over the course of a single storm and
that these changes can be different depending on the antecedent rainfall

This research is important to drinking water utilities that are concerned with the impacts of
changing storm patterns on DBP formation and concentrations in distribution systems.
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Figure S1: THM Standards for 1st and 2nd events with A) undiluted and B) diluted assay

Figure S1. A): THM Standards for 1st and 2nd events undiluted assay

Figure S1. B): THM Standards for 1st and 2nd events diluted assay

Figure S2: HAA Standards for 1st and 2nd events with A) undiluted and B) diluted assay

Figure S2. A): HAA Standards for 1st and 2nd events with undiluted assay
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Figure S2. B): HAA Standards for 1st and 2nd events with diluted assay
Figure S3: HAA Standards for 1st and 2nd events with A) undiluted and B) diluted assay

Figure S3. A): N-DBPs Standards for 1st and 2nd events with undiluted assay

Figure S3. B): N-DBPs Standards for 1st and 2nd events with diluted assay
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Table S1: Chlorination data for 1st event
1st
Event
Sample
ID

Cl2Dose
(mg/L)

1st
Event
Time

1st
event
UV254
(cm-1)

1st
event
DOC
(mg/L)

Undiluted
7D Cl2
demand
(mg/L)

Diluted
7D Cl2
demand
(mg/L)

1_1
1_2
1_3
1_4
1_5
1_6
1_7
1_8
1_9
1_10
1_11
1_12
1_13
1_14
1_15
1_16
1_17
1_18
1_19
1_20
1_21
1_22
1_23
1_24

6.08
5.63
5.66
5.74
5.86
6.38
7.28
10.09
15.15
20.95
21.87
22.3
20.8
19.42
19.84
17.63
16.04
15.79
14.69
13.85
13.55
13.13
13.01
13.74

13:15
14:45
16:15
17:45
19:15
20:45
22:15
23:45
1:15
2:45
4:15
5:45
7:15
8:45
10:15
11:45
13:15
14:45
16:15
17:45
19:15
20:45
22:15
23:45

0.0311
0.0255
0.0251
0.0264
0.0284
0.0399
0.0576
0.1012
0.1875
0.2889
0.3118
0.3059
0.2865
0.2652
0.2478
0.2274
0.209
0.197
0.1802
0.1698
0.165
0.163
0.162
0.16

1.964829
0.953547
0.974558
0.972274
1.077331
1.344083
1.663363
2.822181
4.98954
7.131777
7.803225
7.611383
7.26424
6.757228
6.414653
5.85283
5.40063
5.414333
4.866213
4.797698
4.410816
4.487096
4.207098
4.074636

2.80
2.33
2.48
2.32
2.66
2.98
4.18
6.49
11.83
17.67
18.35
18.64
17.40
15.88
16.14
13.99
12.54
12.07
10.89
10.45
10.24
10.03
9.47
9.60

3.00
2.33
3.88
2.12
2.66
3.18
4.18
6.49
11.83
17.47
18.15
18.04
16.40
15.08
16.14
13.99
12.54
12.67
10.89
10.05
9.84
9.83
9.27
9.40
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Table S2: Chlorination data for 2nd event
2nd
Event
Sample
ID

Cl2Dose
(mg/L)

2nd
storm
Time

2nd
event
UV254
(cm-1)

2nd
event
DOC
(mg/L)

Undiluted
7D Cl2
demand
(mg/L)

Diluted
7D Cl2
demand
(mg/L)

2_1
2_2
2_3
2_4
2_5
2_6
2_7
2_8
2_9
2_10
2_11
2_12
2_13
2_14
2_15
2_16
2_17
2_18
2_19
2_20
2_21
2_22
2_23
2_24

7.74
8.20
7.71
7.64
7.52
7.79
9.24
10.68
13.83
15.44
16.03
16.38
15.87
15.42
16.69
18.18
26.15
25.76
21.27
18.43
16.09
14.25
13.23
8.66

15:45
17:45
19:45
21:45
23:45
1:45
3:45
5:45
7:45
9:45
11:45
13:45
15:45
17:45
19:45
21:45
23:45
1:45
3:45
5:45
7:45
9:45
11:45
13:45

0.061426
0.069178
0.060759
0.059628
0.057618
0.062237
0.08697
0.111574
0.165284
0.192922
0.202916
0.208877
0.200115
0.192529
0.214222
0.239551
0.375758
0.369014
0.29235
0.243865
0.203891
0.172526
0.155155
0.077134

2.709859
2.608264
2.633237
2.566831
2.536183
2.55548
3.768943
3.754186
4.747432
5.661218
6.013111
6.262841
5.996084
5.905273
6.234463
6.66014
9.753391
9.605823
7.630683
7.153925
5.80311
4.963108
4.69408
3.703105

4.04
4.10
3.73
3.74
3.90
4.11
7.60
6.74
9.77
11.18
11.08
10.73
10.57
9.72
11.24
13.23
20.70
20.21
15.62
12.93
11.34
9.55
8.58
4.06

5.04
4.50
4.13
5.74
5.30
4.31
9.40
6.94
10.57
11.58
11.68
11.53
10.77
10.12
11.44
13.63
19.90
19.61
15.22
13.73
11.34
9.55
9.18
6.66
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